Background. Legionella longbeachae (Llo) and Legionella pneumophila (Lpn) are the most common pneumonia-causing agents of the genus. Although both species can be lethal to humans and are highly prevalent, little is known about the molecular pathogenesis of Llo infections. In murine models of infection, Lpn infection is self-limited, whereas Llo infection is lethal.
For in vivo infections, female mice 6-8 weeks of age were anesthetized with ketamine and xylazine (100 mg/kg ketamine; 10 mg/kg xylazine) by intraperitoneal administration and infected by nasal route. For colony-forming unit (CFU) determination, at the indicated time points the lung, spleen, or blood was collected. The lungs and the spleen were homogenized in 5 mL Roswell Park Memorial Institute (RPMI) medium using a tissue homogenizer (Fisher Scientific) and plated on CYE agar plates. The blood was plated direct on CYE agar plates. The plates were incubated for 4 days at 37°C. For histological analyses, lungs from nasally infected C57BL/6 mice were collected and fixed in 10% phosphate-buffered formalin, sectioned, and stained with hematoxylin and eosin (H&E) or, for immunohistochemistry, with a polyclonal antibody against L. longbeachae produced in rabbit. The cellular infiltrates in the lungs were analyzed with Image J software by the area measurement of 10 images of the lungs slides of each mouse [29] .
Differential Cell Count in Bronchoalveolar Lavage
The bronchoalveolar fluid (BALF) was collected by cannulating the trachea and washing with phosphate-buffered saline-ethylenediaminetetraacetic acid. Total and differential cell counts were determined using a standard hemocytometer and cytospin preparation stained with H&E, respectively. The supernatant was collected for cytokine and total protein measurement. The total protein in the bronchoalveolar lavage was measured with the Bradford method using a bovine serum albumin curve (Sigma-Aldrich).
Sepsis Model
Sepsis was induced by cecal ligation and puncture (CLP). Briefly, mice were anesthetized with an intraperitoneal administration of ketamine and xylazine (100 mg/kg ketamine; 10 mg/kg xylazine). A 1-cm midline incision was made on the anterior abdomen, and the cecum was exposed and ligated below the ileocecal junction without causing bowel obstruction. A double puncture was made with an 18-gauge needle to induce cecal ligation and puncture (severe CLP) [30] .
Biochemical Parameters in the Serum
Aspartate transaminase (AST), urea nitrogen (urea), and creatine kinase-muscle and brain (CK-MB) isoenzyme were measured in the serum samples. The determinations were made using a commercial kit (Labtest, Brazil).
Blood Oxygenation
The animals were anesthetized, and arterial blood was collected from the abdominal aorta. Arterial blood oxygen (pO2) was measured using a conventional blood gas instrument (Gem Premier 3000; Instrumentation Laboratory Co, Bedford, MA), previously calibrated using a cartridge-type IQM 150 (GEM Premier; Instrumentation Laboratory Co).
Measurement of Lung Mechanics
Mice were anesthetized (10 mg/kg xylazine and 100 mg/kg ketamine intraperitoneally), a tracheal cannula was inserted, and the animals were connected to a small animal ventilator (FlexiVent, Scireq, Montreal, QC, Canada) and ventilated with respiratory frequency of 150 breaths/minute and positive end-expiratory pressure of 3 cm H 2 O. Then, pancuronium bromide (1.2 mg/kg intraperitoneally) was administrated and, after totally paralyzed, baseline measurements were performed. Respiratory mechanics were measured with forced oscillation technique, using the single compartment and the constant phase model. Additionally, a respiratory pressure-volume curve was performed and quasi-static lung compliance and dynamic respiratory compliance were calculated by fitting the Salazar-Knowles equation to pressure-volume curves.
Cytokines Production
Bone marrow-derived macrophages (BMDMs) were obtained as described previously [17] . The differentiated lung epithelial cell line A549 were cultivated in RPMI (Gibco) with 10% fetal bovine serum (FBS; Gibco). BMDM and A549 cells were infected with the indicated multiplicity of infection (MOI) and incubated at 37°C under 5% CO 2 for the indicated time. The supernatant was collected and maintained at -80 o C to further cytokine measurement. The BALF and serum samples of mice were used to measure the cytokine levels by enzyme-linked immunosorbent assay using BD OptEIA kit.
Human Macrophages
Peripheral blood mononuclear cells (PBMCs) were isolated from freshly extracted blood of healthy donors by Ficoll gradient centrifugation. CD14 + cells were isolated from PBMCs using anti-hCD14-magnetic beads (Miltenyi). CD14 + cells were differentiated to macrophages in RPMI with 10% FBS in the presence of rhM-CSF (50ng/mL; R&D). At 6 hours postinfection with L. pneumophila and L. longbeachae, the supernatants were collected and thereafter analyzed by cytokine bead array using an LSRII cytometer (BD). All donors participating to this study had given their written consent under the agreement C-CPSL UNT -No. 15/EFS/023 between Institut Pasteur and EFS (L'Établissement français du sang), following articles L1243-4 and R1243-61 of the French Public Health Code, and approved by the French Ministry of Science and Technology. Supply and handling of human blood cells followed the guidelines of the agreement between Institut Pasteur, EFS, and the regulation of blood donation in France.
Statistical Analyses
Statistical analyses were performed using Prism 5.0 software (GraphPad, San Diego, CA). Unpaired Student t test was used to compare the 2 groups. One-way analysis of variance followed by multiple comparisons according to Tukey's procedure was used to compare 3 or more groups. Unless otherwise stated, data are expressed as the mean ± SD. Differences were considered statistically significant at P < .05.
RESULTS

L. longbeachae Disseminates and Is Lethal to Mice
We evaluated mouse survival in response to infection with NSW150, a well characterized and sequenced strain of L. longbeachae (WT Llo) [18] . Initially, C57BL/6 mice were infected with different amounts of bacteria. The animals start to succumb to infection after 2 days when infected with 10 8 CFU, a dose that induced 100% mortality. A dose of 10 7 CFU is also lethal but the animals did not die until the fourth day of infection. Infection with 10 6 or 10 5 CFU is sublethal and induced death of 50% and 30% of the mice, respectively. All mice recovered when infected with 10 4 CFU. Next, we tested if the bacterial Dot/Icm Type IV secretion system is important for mouse mortality. C57BL/6 mice were infected with dotA -or dotB -mutants of L. longbeachae NSW150 strain. We found that Dot/Icm mutants of L. longbeachae are not lethal, even at a dose of 10 8 CFU per mouse, demonstrating that the Dot/ Icm system is required for virulence and induction of mortality in mice ( Figure 1A ). We further evaluated the bacterial replication in the lungs of mice infected for up to 96 hours after infection. When infected with 10 7 CFU, mice did not clear wild-type (WT) bacteria from the lungs; in contrast, dotA -or dotB -mutants were readily cleared ( Figure 1B ). These data are consistent with our results showing that these mutants are nonlethal to mice.
To further evaluate the bacterial infection in the lungs, we assessed the presence of WT Llo and dotA -mutants by immunohistochemistry. At 72 hours of infection, WT Llo were abundant, as opposed to the diminished presence of dotA -mutants in infected mice ( Figure 1C ). To examine bacterial dissemination, we quantified the bacterial loads in the blood and spleen of the infected mice. WT Llo disseminated from the lungs to the spleen and to the blood after 24 hours of infection and persisted in the spleen ( Figure 1D ). In contrast, dotA -and dotB -mutants were not found in the spleen or in the blood, indicating that the Dot/Icm system is essential for virulence and bacterial dissemination in mice ( Figure 1D ).
L. longbeachae Induces Lung Damage but Not Liver, Kidney, and Heart
Damage
To determinate if L. longbeachae causes sepsis, we assessed markers of organ damage in the serum samples of infected mice. We found that L. longbeachae does not cause evident injury in the heart (as measured by CK-MB), in the liver (as measured by AST level), or in the kidney (as measured by urea). As a positive control, we induced sepsis using a CLP model [31, 32] , which is known to induce sepsis and organ damage ( Figure 2A ). When we measured the total protein present in the BALF of infected mice, we detected high amounts of protein, indicating severe lung injury ( Figure 2B ). Macroscopic observations of the infected lungs are consistent with a severe lung injury induced by the bacteria dependent on the activity of the Dot/Icm system. Histological analyses of the lungs indicated a robust cellular infiltrate, which is consistent with the lung injury phenotype ( Figure 2C ). Together, these results indicate that L. longbeachae infection induces a severe lung injury that is Dot/Icm-dependent. To analyze cell migration to the lungs, mice were intranasally infected with WT or Dot/Icm mutants of L. longbeachae, and the BALF was collected to evaluate cell migration over the first Figure 2C) . These results indicated that these cytokines are important for resistance against pulmonary infection with L. longbeachae.
As Opposed to L. pneumophila, L. longbeachae Fails to Trigger the
Production of Cytokines in Mouse and Human Macrophages
Our previous data showed that the induction of inflammatory cytokines is important for restriction of L. longbeachae Figure 2 . L. longbeachae causes injury in the lung, but not in other organs. C57BL/6 mice were infected intranasally with 10 7 wild type L. longbeachae (WT Llo, filled bars) or L. longbeachae dotA-mutant (gray bars). A, After 24, 72, or 96 hours, the blood was collected and the serum sample was used to measure CK-MB, AST, or urea. The CLP group was used as a positive control (hatched bar). *P < .05 in relation to the CLP group. B, Seventy-two or 96 hours after infection, the BAL fluid was collected and used to measure total protein. C, Images of the lungs infected for 72 hours and histology of the H&E-stained lungs (scale bars, 50 mm). The figure represents the findings for 3 (images of the lungs) or 1 (histology) representative mouse out of 5 mice in each group. Indirect quantification of inflammatory infiltrates was performed using ImageJ (lower panel). Results are expressed as means ± SD. n = 5 mice per group. Abbreviations: AST, aspartate transaminase; BAL, bronchoalveolar lavage; CK-MB, creatine kinase-muscle and brain; CLP, cecal ligation and puncture; H&E, hematoxylin and eosin; NI, not infected; urea, urea nitrogen. *P < .05.
infection. In addition, we found that although the bacteria disseminate to several organs, they do not trigger sepsis and the production of cytokines systemically. Thus, we hypothesized that L. longbeachae is poorly recognized by pattern-recognition receptors and fails to stimulate the production of cytokines by innate immune cells. To test this hypothesis, we stimulated BMDMs with different MOI of L. longbeachae and L. pneumophila. Because L. longbeachae does not encode a flagellum, we used an L. pneumophila flagellin mutant (Lp flaA -). We found that L. longbeachae poorly induces IL-12p40 and TNF-α compared to L. pneumophila. Cytokine production in response to L. longbeachae is several folds lower compared to L. pneumophila ( Figure 3A) . Next, we evaluated the production of IL-12 in macrophages infected with different species of Legionella. All species, except L. longbeachae, induced a significant production of IL-12 in response to infection in relation to uninfected cells ( Figure 3B ). We also used macrophages from mice deficient for molecules involved in intracellular signaling and found that the TNF-α and IL-12 production in response to L. longbeachae is dependent on MyD88, but not Nod1/2 or NLRC4 (Supplementary Figure 3) . Moreover, in all macrophages used, including Nod1/2 -/-and Nlrc4 -/-, the cytokine production induced by L. longbeachae was significantly reduced compared to L. pneumophila. We also evaluated whether the reduced stimulatory activity of L. longbeachae for the induction of cytokine production also occurs in human cells. We initially evaluated the IL-8 production in pulmonary epithelial A549 cells. We found that L. pneumophila triggers IL-8 production in a dose-dependent manner, but L. longbeachae fails to induce IL-8 in response to infection ( Figure 3C ). Next, we used primary human monocyte-derived macrophages and found that L. longbeachae also induced less production of IL-1β, IL-6, IL-10, IL-8, and TNF-α than L. pneumophila ( Figure 3D ). Collectively, these data support the findings that L. longbeachae is poorly stimulatory in mouse and human cells, a feature that may explain the high virulence of L. longbeachae [14] [15] [16] .
Different than L. pneumophila, L. longbeachae Causes a Significant
Decrease in Pulmonary Function and Is Lethal to Mice
Our data show that L. longbeachae robustly replicates in the lungs and induces lung injury. Thus, we compared the pulmonary functions of mice infected with L. longbeachae to those infected with flaA -L. pneumophila. We evaluated respiratory system resistance, elastance, and compliance in vivo during mechanical ventilation in mice infected intranasally. Although we detected a tendency, we found that total resistance and central airway resistance were not statistically significant among the groups ( Figure 4A ). However, mice infected with L. longbeachae showed a significant increase in tissue resistance and tissue elastance when compared to noninfected mice ( Figure 4B ). Additionally, only mice infected with L. longbeachae showed a significant decrease in quasi-static and dynamic respiratory compliance, suggesting increased lung stiffness ( Figure 4C ). Finally, we measured blood oxygenation to evaluate the functional consequences of the lung injury. We found that mice infected with L. pneumophila and L. longbeachae showed similar reduction in blood oxygenation at 72 hours. In contrast, at 96 hours, the mice infected with L. pneumophila recovered, while animals infected with L. longbeachae showed severe defects in blood oxygenation ( Figure 4D ). These results indicated that infection with L. longbeachae causes a significant pulmonary physiological dysfunction, a feature that is not evident in L. pneumophila. Together, these data support the findings that L. longbeachae is significantly more virulent than L. pneumophila and more effective at causing pulmonary damage.
Next, we used an in vivo model of mouse infection to compare the outcome of the infections caused by L. longbeachae and L. pneumophila flaA -. The CFU counts indicated that L. longbeachae is not cleared from the lungs as opposed to L. pneumophila ( Figure 5A ). L. longbeachae but not L. pneumophila disseminates to the mouse spleen and to the blood ( Figure 5B and 5C). To further evaluate pulmonary damage induced by L. longbeachae and L. pneumophila, we measured protein levels in the BALF or mice infected for 48 and 96 hours, and detected high amounts of protein in BALF from L. longbeachae-infected mice, indicating severe lung injury ( Figure 6A ). Lung injury was Dot/Icm-dependent ( Figure 6A ), followed by a significant weight loss ( Figure 6B ), culminating with death of the mice infected with L. longbeachae but not L. pneumophila ( Figure 6C ). To determine if neutrophil recruitment are involved with pulmonary injury, we measured neutrophil recruitment in response to infection with L. longbeachae and L. pneumophila. We found that both species trigger a robust recruitment of neutrophils to the mouse lungs, a feature that does not support the hypothesis that a differential recruitment of cells explains the increased pathogenesis of L. longbeachae (Supplementary Figure 4) . We also investigated if the increased pathogenesis of L. longbeachae results from a natural resistance of this bacterium to macrophage microbicidal mechanisms. We measured bacterial replication BMDMs in the presence or absence of recombinant IFN-γ. Our data do not support this hypothesis because we found that both L. pneumophila and L. longbeachae replicate in untreated macrophages and are restricted in the presence of IFN-γ (Supplementary Figure 5) . Finally, we investigated if the differences in induction of cytokine production account for the higher virulence of L. longbeachae in vivo. To examine this hypothesis, we compared flaA -L. pneumophila and L. longbeachae replication in C57BL/6 and Tnfr1 -/-mice infected in parallel. We detected a pronounced replication of L. pneumophila in Tnfr1 -/-compared to C57BL/6 mice (an approximate 2 log difference in CFU). In contrast, the increased replication of L. longbeachae in Tnfr1 -/-compared to C57BL/6 was modest (0.5 log) ( Figure 7A ). Cytokine production in the BALF of mice infected for 24 hours confirms that L. longbeachae induces a reduced cytokine production compared to L. pneumophila ( Figure 7B ). Thus, although TNFR1-deficient mice is more susceptible than C57BL/6 for both L. pneumophila and L. longbeachae, the differences in the replication between these 2 species are less pronounced in the absence of TNFR1, a feature that support the hypothesis that inhibition of cytokine production, including TNF, account for the pronounced pathogenesis of L. longbeachae.
Collectively, our data indicated that L. longbeachae is highly lethal as a consequence of a severe pulmonary injury.
The reduced activation of the innate immunity and reduced induction of cytokines during L. longbeachae infection may contribute to increased bacterial colonization of the lungs, replication, and dissemination, a process that may be critical for the pathogenesis and induction of death in the infected individuals. (Lp flaA-) . After 72 hours, the total resistance and central airway resistance (A), tissue resistance and tissue elastance (B), and quasi-static lung compliance and dynamic compliance (C) were measured in vivo using a small animal ventilator. In each group, n = 3-7 mice. Results are expressed as means ± SD. *P < .05 compared to NI group. D, Arterial blood oxygen (pO2) was measured using a conventional blood gas instrument. Mice were infected for 72 and 96 hours with WT L. longbeachae (WT Llo, circle) or flaA-L. pneumophila (Lp flaA-, triangle) . In each group, n = 7 mice. Each symbol represents an individual mouse; the bars represent the means. *P < .05 compared to NI mice. #P < .05 comparing WT Llo to Lp flaA-. Abbreviations: NI, noninfected; WT, wild-type.
DISCUSSION
Using a murine model of Legionnaires' disease, we demonstrated that L. longbeachae is significantly more virulent than L. pneumophila. L. longbeachae replication in the lungs is several logs higher, even when compared to flaA -mutants of L. pneumophila, which bypass the Naip5/Nlrc4-mediated growth restriction in mice [17, [20] [21] [22] [23] . Therefore, the absence of flagellin does not explain why mice are so susceptible to L. longbeachae infection. It is possible that the presence of a capsule in L. longbeachae accounts for this increased pathogenesis [18, 19] . In the light of our data showing a diminished cytokine production by mouse and human macrophages infected with L. longbeachae, it is possible that the presence of the capsule is associated with the poor stimulatory activity of L. longbeachae in macrophages. The reduced production of inflammatory cytokines by macrophages infected with L. longbeachae may facilitate bacterial replication and pathogenesis. This is supported by our data indicating that mice deficient for cytokines such as IFN-γ, IL12p40, and TNF are highly susceptible to infection. In addition, in Tnfr1 -/-mice, the L. pneumophila and L. longbeachae loads in mice lungs were similar, as opposed to that in WT mice ( Figure 7A ). These data support the hypothesis that the poor stimulatory activity of L. longbeachae favors the pathogenesis that underlie the high virulence of this species in mammalian lungs. It is also possible that the increased virulence of L. longbeachae is due to the expression of additional virulence factors not encoded by L. pneumophila. The adaptations of L. longbeachae to live in soil seem to have culminated with the development of a capsule, a different repertoire of metabolic features, a chemotaxin system, and also the development of putative toxins and proteins with eukaryotic-like domains [18, 19] . Whether any of these adaptations favor bacterial replication in mammalian lungs and explain the increased virulence of L. longbeachae compared to L. pneumophila is a matter for further investigation.
L. longbeachae encodes for a close homologue of the L. pneumophila Dot/Icm type IV secretion system [18] . In L. pneumophila, this secretion system has been well studied, as it is essential for intracellular replication and survival of the pathogen. Recent L. longbeachae-mutant studies have demonstrated that this secretion system is also necessary for the intracellular replication of L. longbeachae [18, 26] . Here, we used 2 independently derived bacterial mutants (dotA -and dotB -) to unequivocally demonstrate that the L. longbeachae type IV secretion system is critical for bacterial replication in the lungs, bacterial dissemination, lung injury, and death of the infected mice. It remains to be investigated which proteins translocated by the L. longbeachae Dot/Icm are involved in pathogenesis in vivo. Genome comparisons indicated that the repertoire of effector proteins translocated by L. longbeachae and L. pneumophila Dot/Icm are quite distinct, with only a few effectors conserved between the 2 species [18, 19, 38, 39] . We envisage that in the next few years, several reports may reveal interesting and relevant functions of this new cohort of Dot/Icm effectors encoded by L. longbeachae.
The sustained replication of L. longbeachae in the mouse lungs, the lack of bacterial clearance, and the lung injury may facilitate the bacterial dissemination to the blood and other organs. This feature is evident in mice infected with L. longbeachae, but not with L. pneumophila. The dissemination of L. longbeachae is followed by death of the animals. Surprisingly, regardless of the bacteremia, we did not detected signs of sepsis, including systemic production of cytokines or damage in the liver, kidney, or heart. Our data are consistent with death caused by pulmonary failure but not sepsis, a featured that is supported by lung mechanics and blood oxygenation experiments. This information may be important for the prognosis and treatment of community-acquired pneumonia caused by Legionella, and is also consistent with the presence of only a few reports in the literature describing septic shock caused by L. longbeachae infection in patients [40] . Collectively, our data suggest a significant difference in the outcome of the infections caused by L. pneumophila and L. longbeachae in mice. The clinical manifestations of L. longbeachae infection were reported to be similar to L. pneumophila [8] . However, clinical reports of L. longbeachae infection are limited to case reports or small case series, which do not allow appropriate comparisons with patients infected with L. pneumophila. Interestingly, a recent article reported differences in the patients' ages, season of admission, and place of acquisition [8] . In addition, case-series studies performed in Australia suggest that immunosuppression is less apparent in L. longbeachae infections [4, 41] . Finally, a recent case-case study comparing L. pneumophila with L. longbeachae revealed that compared to L. pneumophila-infected patients, fewer L. longbeachaeinfected patients were smokers and more received treatment in intensive care [42] . Taken together, these studies suggest a higher virulence of L. longbeachae, a feature that is supported by our results obtained in a mouse model of Legionnaires' disease. Thus, it will be important to evaluate the clinical features and outcome of a large cohort of patients infected with L. longbeachae and L. pneumophila. This may reveal important, yet unappreciated, clinical differences in the diseases caused by these 2 highly prevalent agents of atypical pneumonia in humans.
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